We have examined the murine embryonic expression pattern of the cell adhesion molecule R-cadherin in muscle, kidney, thymus, and lung. In developing muscle, R-cadherin was first seen at 10.5 -11.5 days postcoitum in the somitic myotome. Consistently, we found R-cadherin expressed at the highest levels in the myotome, early skeletal muscle, and smooth muscle (both vascular and visceral), while very low levels of R-cadherin were detected in the heart. The expression pattern and subcellular localization of R-cadherin in developing skeletal muscle indicate a possible role in myoblast cell -cell interactions during both primary and secondary myogenesis. In the developing kidney, R-cadherin was first detected at 10.5 days postcoitum in the mesonephric epithelial tubule cells. In the metanephric kidney, it was specifically expressed in the pretubular aggregates, comma-and S-shaped bodies, proximal tubules, and collecting ducts. Thus, in the kidney, R-cadherin was associated with the mesenchymal -epithelial transition. R-cadherin was also found in other developing epithelia, for example in the thymic epithelial cells. In the lung, R-cadherin was expressed at the highest levels in the smooth muscle surrounding the lung epithelial tubules. To test whether Rcadherin can direct formation of tissues, we constitutively expressed R-cadherin in E-cadherin-/-ES cells and examined histogenesis in teratomas derived from these cells. R-cadherin exclusively rescued formation of striated muscle and epithelia in the teratomas. R-cadherin's ability to form epithelia in vivo was substantiated by its ability to rescue formation of cystic embryoid bodies in vitro. By comparing our data with the previously reported embryonic expression patterns and histogenetic activities of E-and N-cadherin, we suggest that R-cadherin plays an important role in the formation of striated muscle and possibly also of epithelia. ᭧ 1997 Academic Press
INTRODUCTION
. Formation of the cadherin -catenin complex is required for cadherin-mediated cell adhesion, It is thought that the cadherin family of Ca 2/ -dependent and it is thought that a-catenin, which binds to cadherincell adhesion molecules are central morphogenetic regub-catenin or cadherin -plakoglobin complexes, mediates lators, which act by endowing cells with selective adhethe linkage to the actin cytoskeleton (Aberle et al., 1994; sive properties (Takeichi, 1995) . The classic cadherins are Butz and Kemler, 1994; Hinck et al., 1994) . As with bdefined by a highly conserved cytoplasmic domain, which catenin, the p120 protein associates with the COOH-terassociates with catenins: a-catenin, b-catenin, plakominal region of E-cadherin, but by a distinct mechanism globin, and p120 protein (Nagafuchi and Takeichi, 1988; (Reynolds et al., 1994; Shibamoto et al., 1995) . Recent studies have revealed that b-catenin is also involved in signal transduction and developmental patterning in Xen-pathway (Gumbiner, 1995; Peifer, 1995) . This signaling
MATERIALS AND METHODS
function of b-catenin appears to be independent of its function in cell adhesion and probably involves processes
Expression Vector
in the cytoplasm and nucleus.
The murine full-length R-cadherin cDNA (Sjö din et al., 1995) ,
The differential expression patterns of cadherins and excised from pSKRcad, replaced the bgeo chimeric gene at the their dynamic changes during development have impliSmaI, XbaI sites of pPGKbgeo-PGKhyg (Larue et al., 1996) to genercated cadherin function in various morphogenetic events, ate the pPGKmRcad-PGKhyg plasmid.
e.g., mesenchymal organisation, cell migration, and regionalization of the nervous system . Evidence for morphogenetic roles of cadherins have been dem-
ES Cell Culture and Transfection
onstrated by several in vivo experiments. E-cadherin-deficient mice die at the time of implantation due to a failure Embryonal stem cell line D3 (Doetschman et al., 1985) and hoof blastocyst development . Expression mozygous E-cadherin-/-(Ecad-/-) ES cell lines (Larue et al., 1996) were routinely maintained on an inactivated feeder cell layer and of dominant negative mutants of cadherins suppresses the in 60% BRL conditioned medium, respectively. Gene transfer exactivity of endogenous cadherins. Two types of dominant periments were carried out as previously described (Larue et al., negative constructs have been used: an intact extracellular 1994). The pPGKmRcad-PGKhyg plasmid was linearized with Hindomain lacking the cytoplasmic domain and an intact cydIII. Selection was performed with 600 mg/ml hygromycin for 10 toplasmic domain with the extracellular domain deleted.
days, after which clones were picked and expanded. R-cadherin-
In Xenopus, expression of the former (Levine et al., 1994;  rescued transfectants (Rcad resc) were preselected by morphological Lee and Gumbiner, 1995) and the latter (Kintner, 1992;  changes of the Ecad-/-ES cell phenotype and characterized subse- Fujimori and Takeichi, 1993; Holt et al., 1994; Dufour et quently by RT-PCR and Southern blot analysis.
al., 1994) dominant negative mutants and overexpression of cadherins (Heasman et al., 1994a) have shown that cadherins regulate cell adhesion during embryogenesis. In ad-
Generation of Embryoid Bodies dition, injection of antisense oligonucleotides of cadherin
Maintenance and differentiation of ES cells were carried out as into Xenopus embryos caused dissociation of blastomeres described (Keller et al., 1993) , with some modifications. Briefly, (Heasman et al., 1994b Dahl et al., 1996) . Interestingly, Larue et al. (1996) this respect.
For the generation of embryoid bodies (EBs) in the differentiation R-cadherin is a classic cadherin that has been identified cultures, the ES cells were trypsinized and well dissociated in order in chicken (Inuzuka et al., 1991a) , mouse (Hutton et al., to avoid cell aggregates. The differentiation of the ES cells was carried out in liquid medium consisting of IMDM supplemented Matsunami et al., 1993) , rat, and human (Suzuki et with 15% FCS, 2 mM L-glutamine, 450 mM monothiolglycerol, al., 1991) . In chicken it is expressed in restricted areas of and 50 mg/ml ascorbic acid (Sigma). Typically, 10 3 ES cells/ml were the developing nervous system, somitic myotome, and early plated in 60-mm petri dishes (Falcon 1016) in a total volume of 5 skeletal muscle (Inuzuka et al., 1991b) . So far, expression ml. The FCS batch used in the differentiation cultures was tested of the mouse homologue protein has only been reported in for the ability to support efficient development of EBs. All analyses the fetal brain (Matsunami and Takeichi, 1995) , the panwere performed on 6-to 10-day-old EBs. Under these conditions creas, and the gastrointestinal tract (Sjö din et al., 1995) .
the Ecad-/-ES cells never generated EBs; occasionally a few disorgaInterestingly, in the mouse fetal brain, R-and E-cadherin nized aggregates of cells could be seen. However, in contrast to the wild-type and the Rcad resc ES cell-derived EBs, these aggregates were suggested to take part in brain segmentation, by conwere easily dissociated by pipetting.
ferring region-specific cell-cell adhesion (Matsunami and Takeichi, 1995) . In this study, we present evidence that R-cadherin can regulate tissue formation, as was recently
Teratoma Production
reported for E-and N-cadherin. We followed R-cadherin's embryonic expression pattern in the mouse and found that ES cells (2 1 10 6 ) were injected subcutaneously into the back of it correlated with the tissues it induced in teratomas. There- et al., 1986) , N-cadherin, and R-cadherin (Matsunami and microwave (R-and N-cadherin antibodies only), postfixed in 020ЊC Takeichi, 1995) were used. Affinity-purified rabbit antibodies methanol for 20 min, blocked in TBS-Ca 2/ (10 mM Tris, pH 7.6, against the extracellular domain of E-cadherin have been de-150 mM NaCl, and 1 mM CaCl 2 ) supplemented with 5% skim milk scribed (Ozawa et al., 1989) . Affinity-purified rabbit anti-M-cadhfor 30 min at room temperature. The first antibody was added in erin has previously been described (Eng et al., 1997) . Affinity-TBS-Ca 2/ supplemented with 5% skim milk overnight at 4ЊC. purified rabbit anti-Na / /K / ATPase was a kind gift from Dr. J. Biotin-coupled anti-rat, or anti-rabbit, FITC-coupled anti-guinea Nelson. Rat monoclonal antibodies against cytokeratin 8 pig or anti-rabbit, and FITC-or Cy3-streptavidin were each added (TROMA-1) (Brulet et al., 1980) and ZO-1 (Chemicon) were used for 60 min. When HRP staining was used (Vectastain ABC kit) at 1:100 and 1:500 dilutions, respectively. Mouse monoclonal endogenous peroxidase was blocked with 3% H 2 O 2 in methanol antibodies against desmin (Sigma) and myosin heavy chain during postfixation (see above). (Bader et al., 1982) were used at 1:200 and 1:20 dilutions, respectively. FITC-conjugated mouse monoclonal antibody against smooth muscle actin (Sigma) was used at 1:750 dilution (Skalli et al., 1986) . Affinity-purified rabbit anti-HNF3b was a kind gift from Dr. T. Jessell and used at 1:8000 dilution (Roelink et al., Sections of 17.5-dpc kidney were immunostained as described 1994). FITC-coupled anti-rabbit secondary antiserum was purabove. The relative distributions of R-and E-cadherin in 17.5-dpc chased from Molecular Probes (Eugene, OR) and used at 1:500 kidney were examined using a confocal laser scanning microscope dilutions. Biotin-coupled anti-rat IgG and anti-rabbit IgG second-(Multiprobe 2001, Molecular Dynamics, CA) on an inverted microary antibodies were purchased from Molecular Probes and used scope (Diaphot, Nikon) using a 601 (NA 1.4) apochromate objecat 1:300 and 1:500 dilutions, respectively. FITC -and Cy3 -streptive. The confocal microscope is equipped with dual detectors and tavidin were purchased from Molecular Probes and used at 1:500 an argon/krypton (Ar/Kr) laser. The sections were scanned simultadilutions. FITC -phalloidin was purchased from Molecular neously for Cy3 (excitation 568 nm)-and FITC-tagged (excitation Probes and used according to the manufacturer's instructions. 488 nm) markers. The sections (10 sections with images 512 1 512)
Fluorescence Confocal Microscopy
The Vectastain ABC kit was from Vector Laboratories, Inc. (La were scanned with 0.07-mm pixel size and 0.49-mm step size. The Jolla, CA). pinhole setting was 100 mm. The companion sections were overlaid. To determine possible colocalization between R-cadherin and Ecadherin, the images were analyzed with ImageSpace version 3.10
RT-PCR Analysis
software (Molecular Dynamics). Pixels with intensity values above 100 in both channels were considered to colocalize. Pixels with RT-PCR was performed on RNA from the genetically altered intensity values above 100 in one channel and below 20 in the ES cell lines using the Ultraspec RNA isolation system (Biotecx). other channel were considered independent of one another.
The amount of RNA was determined by UV measurement. The RNA was DNase I treated and purified, and cDNAs were synthesized using a first-strand cDNA synthesis kit with random primers
Immunoprecipitation and Immunoblotting
(pd(N) 6 ) (Pharmacia) for 60 min at 37ЊC. For PCR, the cDNA was denatured for 3 min at 95ЊC, 35 cycles were performed (94ЊC for Cells were solubilized on ice in ice-cold lysis buffer (10 mM Tris-HCl (pH 7.4), 1% Triton X-100, 0.4% deoxycholate, 66 mM 30 sec, 55ЊC for 1 min, 72ЊC for 1 min), and the reaction was completed at 72ЊC for 2 min. Primer pairs for amplification were, EDTA with protease inhibitor mix: 10 ng/ml of pepstatin, chymostatin, leupeptin, and aprotinin, 1 mM PMSF, 1 mM benzaminidine, for exogenous R-cadherin: 5 primer 5 GTA GGT GCT GAA CCC CAG TAC C 3 (nucleotides 2461-2482 in R-cadherin cDNA) and and 1 mg/ml s-phenanthroline) and centrifuged at 15 krpm for 20 min. Supernatants were analyzed for protein concentration (based 3 primer 5 CAG TGG GAG TGG CAC CTT CCA 3 (nucleotides 2002-2023 in bGH polyA) to generate a 350-bp fragment; for LEFon the Bradford dye-binding procedure, Bio-Rad). Samples with same amounts of protein were diluted in lysis buffer and incubated 1: 5 AGC GCT GGA TCC GAT GTA GGC AGC TGT CAT 3 and 5 TAC ATG TCA AAT GGG TCC 3 to generate a 846-bp with antibody at 4ЊC overnight. The antigen-antibody complexes were precipitated by Pansorbin cells (Calbiochem), washed three fragment; for T-brachyury: 5 TGC TGC CTG TGA GTC ATA AT 3 and 5 ACA AGA GGC TGT AGA ACA TG 3 to generate a times in 10 mM Tris-HCl (pH 7.5), 0.5% NP-40, and 1 mM EDTA. Samples were solubilized by boiling in sample buffer (63 mM Tris 502-bp fragment; for cadherin-11: 5 ACG CTG AAG CCT ACA TCC TG 3 and 5 GAG TCA TCA TCA AAA GTG TC 3 to (pH 6.8), 1% SDS, 10% glycerol, 5% b-mercaptoethanol, and 10 mg/ml of bromphenol blue) for 5 min, separated by SDS-PAGE, generate a 574-bp fragment; for goosecoid: 5 GCA CCA TCT TCA CCG ATG AG 3 and 5 CAG CAG TCC TGG GCC TGT AC 3 and electrophoretically transferred onto PVDF (Bio-Rad) filters in 192 mM glycine, 20% methanol, and 25 mM Tris. Blocking (90 to generate a 430-bp fragment; and for nodal: 5 GGA GTT TCA TCC TAC CAA CC 3 and 5 TCC TGC CAT GCC ACG GTA min) and antibody incubations were done in TST-Ca 2/ buffer (10 mM Hepes (pH 7.4), 150 mM NaCl, 1 mM CaCl 2 , and 0.1% Tween GC 3 to generate a 386-bp fragment.
ducts only expressed E-cadherin. Some coexpression was RESULTS seen in structures which most likely represent pretubular aggregates which have advanced the furthest in their epithe-
Expression of R-cadherin in Developing Muscle
lial differentiation. Note the concentration of R-cadherin in In this study, we focused on R-cadherin's early expression the apical regions between cells, where zonulae adherensin two mouse embryonal tissues: muscle and epithelia.
type junctions normally are distributed ( Fig. 2B ). At 17.5 In developing muscle, the strongest expression of R-caddpc, R-cadherin was expressed in the pretubular aggregates, herin was in the myotome and in skeletal and smooth musproximal parts of the comma-and S-shaped bodies, and in cle. Very low levels of R-cadherin were also found in the the newly formed epithelium that will become the Bowheart (data not shown). In the somites, R-cadherin was first man's capsule of the glomerulus (Fig. 2C) . While E-cadherin detected at 10.5-11.5 dpc (Fig. 1A) . To characterize the Ralone was expressed in the distal tubules, E-and R-cadherin cadherin-positive somite cell type more precisely, colocalwere coexpressed in the proximal tubules (Fig. 2C) . At 17.5 ization studies were performed with antibodies against dpc, R-cadherin was also expressed in the collecting ducts smooth muscle actin and the muscle-specific intermediate (Fig. 2D ). Colocalization studies of R-and E-cadherin in the filament protein, desmin. The smooth muscle actin anticollecting ducts demonstrated that they colocalized in the body recognized myotomal cells, in addition to vascular and basolateral plasma membrane regions (Fig. 2D ). R-cadherin visceral smooth muscle cells. At 11.5 dpc, R-cadherin (Fig. was also found diffusely in the cytoplasm. 1A) exhibited a wider expression pattern in the somites than At 12.5 dpc, R-cadherin was shown to be expressed in the smooth muscle actin (Fig. 1B ) and desmin (data not shown), developing thymus (Fig. 2F ). Colocalization studies with which are both restricted to the myotome.
markers for epithelial cells (antibodies against E-cadherin In the mouse, skeletal muscle in the limb begins with and cytokeratin 8) demonstrated that R-cadherin was excluthe formation of primary myotubes at 12 dpc (Ontell and sively confined to the epithelial cells of the thymus (Figs. Kozeka, 1984) . At 16 dpc, differentiating muscle masses 2E and 2F). consist of clusters of large primary and of smaller secondary
In the lung, R-cadherin was first seen at 12.5 dpc during myotubes (Ontell and Kozeka, 1984) . R-cadherin was first the pseudoglandular stage of lung development (9.5 to 16 detected in the developing skeletal muscle in the limb at dpc), when it was expressed at highest levels in smooth 12.5 dpc (data not shown). During primary myogenesis, Rmuscle that normally surrounds the clefts and stalks, but cadherin appeared to distribute in cell-cell contacts of prinot the leading edges, of lung epithelial tubules (Figs. 1G mary myoblasts but not in myotubes (Fig. 1C) . This observaand 1H). During the saccular stage (17 dpc to birth), Rtion was confirmed by R-cadherin's colocalization with descadherin was also expressed in smooth muscle, which, at min but not with the myotube marker, myosin heavy chain this stage, normally surrounds the bronchioles, but not the (data not shown). During secondary myogenesis, R-cadherin distal airways (Figs. 2G and 2H). was exclusively found at the interface of primary myotube/ secondary myoblasts (Fig. 1D ).
R-cadherin Rescues Cell Adhesion in Ecad-/-ES
To examine whether R-cadherin is expressed in smooth Cells muscle cells, we used antibodies against smooth muscle actin. The overlapping expression pattern with smooth Recently, it was shown that constitutive expression of Emuscle actin, for example in the dorsal aorta at 11.5 dpc cadherin and N-cadherin in E-cad-/-ES cells rescued forma-(Figs. 1E and 1F) and in the lung at 12.5 dpc (Figs. 1G and tion of specific tissues in teratomas (Larue et al., 1996) . In 1H), demonstrated that R-cadherin was expressed in both other words, all differentiated cells found in the teratomas vascular and visceral smooth muscle cells.
are expressing E-cadherin (or N-cadherin). Therefore, it is important to note that the formation of epithelium (or cartilage and neuroepithelium) is a result of the recruitment of Expression of R-cadherin in the Kidney, Thymus, more cells expressing E-cadherin (or N-cadherin) rather than and Lung an increase in the expression levels within cells which express the endogenous molecules. R-cadherin was expressed in three organs in which epithelial-mesenchymal interactions are critical: kidney, thyTo examine whether R-cadherin can also rescue tissue formation in Ecad-/-ES cells, we expressed R-cadherin by mus, and lung. In the kidney, R-cadherin expression begins in the mesonephric epithelial duct and tubule cells at 10.5 transfecting these cells with a plasmid carrying both the hygromycin resistance cassette and cDNA coding for Rdpc ( Fig. 2A) . At 12.5 dpc, the molecule was exclusively expressed in the aggregating mesenchymal cells which later cadherin. As control, a plasmid encoding the bgeo chimeric cDNA (see Materials and Methods) was included in the exform the epithelium of the metanephric tubular system (Figs. 2B and 2C ). Double immunolocalization of R-and Eperiment. All cDNAs were driven by the constitutive phosphoglycerate kinase (PGK-1) promoter. cadherin in the developing kidney showed that they were expressed in both overlapping and non-overlapping patterns Twenty independent ES cell clones were isolated based on their increased aggregation properties compared to un- (Figs. 2B and 2C ). At 12.5 dpc, the pretubular aggregates only expressed R-cadherin, while the ureter bud-derived transfected Ecad-/-ES cells or the clones transfected with 5-dpc metanephric kidney with anti-R-cadherin mAb (Cy3) and anti-E-cadherin pAb (FITC). While cells in the pretubular aggregates expressed only R-cadherin, the ureter bud derived ducts expressed only E-cadherin. Coexpression was also seen in some tubular structures. Note the concentration of R-cadherin in the apical cell-cell contact regions, indicating its localization in zonulae adherens-type junctions (arrowheads). (C) Double immunofluorescence staining of a 17.5-dpc metanephric kidney with anti-R-cadherin mAb (Cy3) and anti-E-cadherin pAb (FITC). R-cadherin, but not E-cadherin, was expressed in the pretubular aggregates, proximal parts of the S-shaped bodies, and in the newly formed epithelium that will form the Bowman's capsule of the glomerulus. While E-cadherin alone was expressed in the distal tubules, E-and R-cadherin colocalized in the proximal tubules. (D) Confocal imaged immunocolocalization of R-cadherin and E-cadherin on sections from 17.5-dpc kidney (see Materials and Methods). The photograph shows one scanned optical the control plasmid encoding the bgeo chimeric cDNA. Isowill induce and would repress formation of tissues in teratomas depending on the cell types in which it is expressed. lated clones, 20 from each of the bgeo and R-cadherin transfections, were characterized by Southern blot and RT-PCR.
To study whether R-cadherin similarly regulates histoUsing specific primers, we showed that three clones (Rcad genesis, we produced teratomas from Rcad 1-3 and analyzed 1-3) expressed significant levels of exogenous R-cadherin them histologically. None of the teratomas derived from (Fig. 3D) . By Western blot analysis, we could estimate that wild-type, Ecad-/-, and Rcad resc ES cells were invasive or Rcad 1-3 expressed approximately two times more of the metastatic. In teratomas from wild-type ES cells the random R-cadherin protein than the control transfectants (Fig. 3E) . distribution of the above-described tissues were observed The consequence of constitutive expression of R-cadherin (Fig. 4A) , while the only structures seen, very rarely, in in Ecad-/-ES cells was a reversion of the phenotype, in that teratomas derived from Ecad-/-ES cells were abortive and the transfectants grew as cell aggregates similar to wildsmall epithelia with undifferentiated single columnar epitype ES cells (Figs. 3A-3C) . Nevertheless, the formation of thelial cells. Rcad resc ES cells exclusively formed muscle aggregates with Rcad 1-3 was slower than that with wildand epithelia (Fig. 4C ). Similar to teratomas from wild-type type ES cells. As expected, no increased cell aggregation was ES cells, the muscle in teratomas from Rcad resc ES cells observed with control transfectants. Thus, with R-cadherin was organized in myotubes with striated appearance (Fig.  we have extended the number of cadherins that can substi-5). To determine whether the muscle was striated, we examtute for a lack of E-cadherin-dependent ES cell aggregation.
ined the distribution of actin and desmin. The striated stainRecently, it has been demonstrated that the cadherining patterns of actin (Fig. 5 ) and desmin (data not shown) binding protein and downstream signaling component in were reminiscent of their localization in thin filaments and the Wg/Wnt pathway, b-catenin, is transported to the nu-Z-discs, respectively, confirming that R-cadherin induced cleus as a complex with LEF-1 (Behrens et al., 1996; Huber striated muscle. These data, which are summarized in Table  et al., 1996) and XTcf-3 (the Xenopus homologue of LEF -1) 1, support the recent finding that cadherins can directly (Molenaar et al., 1996) . Furthermore, E-cadherin, but not induce formation of tissues. Furthermore, the lack of stri-N-cadherin, can negatively regulate T-brachyury (Larue et ated muscle in teratomas derived from either E-or N-cadal., 1996) and LEF-1 (Huber et al., 1996) 
expression in ES herin-rescued Ecad-/-ES cells argues for a central role of Rcells. To investigate whether R-cadherin affected expression
cadherin during myogenesis. of LEF-1 and the mesoderm-specific genes nodal, goosecoid, To examine whether R-cadherin is involved in the devel-T-brachyury, and cadherin-11, we analyzed RNA isolated opment of smooth muscle, we examined the expression of from the genetically manipulated ES cell lines by semiquana specific marker for smooth muscle, smooth muscle actin, titative RT-PCR. Expression of exogenous R-cadherin did in teratomas from all ES cell lines. Smooth muscle was not affect expression of any of these genes (data not shown).
present at apparently similar amounts in teratomas from all ES cell lines. Thus, whether R-cadherin plays an important role in smooth muscle development is still an unre-
Histogenetic Activity of R-cadherin
solved question. Figure 6 shows the immunohistochemical localization of Wild-type ES cells injected subcutaneously in syngeneic E-, N-, and R-cadherin in teratomas derived from three ES hosts form benign teratomas, containing several classical cell lines: wild-type, Ecad-/-, and Rcad resc. As expected, tissues, e.g., cartilage, bone, muscle, epithelium, and neu-E-cadherin was exclusively expressed in cell-cell contacts roepithelium. Recently, it was shown that teratomas deon the basolateral surface of epithelial cells derived from rived from Ecad-/-ES cells contain no tissues. However, wild-type ES cells (Fig. 6A ). Both N-cadherin (Figs. 6D-6F) constitutive expression of E-cadherin rescued formation of and R-cadherin (Figs. 6G-6I) were expressed in cell-cell epithelia, while N-cadherin rescued formation of neuroepicontacts of cell aggregates and in cells with loose cell-cell thelium, cartilage, and bone (Larue et al., 1996) . The most connections in teratomas from all three ES cells. However, likely interpretation of these experiments is that the constitutive expression of a specific cadherin in Ecad-/-ES cells in contrast to N-cadherin, R-cadherin was expressed in episection of a collecting duct. The colocalizing pixels were visualized as a white color, while the purple and the green colors indicated the independent signals of R-and E-cadherin, respectively (see Materials and Methods). R-and E-cadherin colocalized in lateral cell-cell contacts (arrowheads) as well as in the basal plasma membrane regions (arrow). R-cadherin was also found diffusely in the cytoplasm. The lumenal side of the duct is indicated by lu. (E, F) Single and double immunofluorescence stainings of consecutive sections of a 12.5-dpc thymic anlage with anti-cytokeratin 8 mAb (TROMA-1) (E) and anti-R-cadherin mAb (Cy3) and anti-E-cadherin pAb (FITC) (F). Rcadherin was exclusively expressed in the thymic epithelial cells. (G, H) Single and double immunofluorescence stainings of consecutive sections of a 17.5-dpc lung bud with anti-smooth muscle actin mAb (G) and anti-R-cadherin mAb (Cy3) and anti-E-cadherin pAb (FITC) (H). R-cadherin was selectively expressed in the smooth muscle cells surrounding the bronchioles. Note that the lung epithelium was negative for R-cadherin expression. pa, pretubular aggregate; ud, ureter bud-derived ducts; dt, distal tubule; pt, proximal tubule; s, S-shaped bodies; b, Bowman's capsule. Bars: A, B, 20 mm; C, E-H, 50 mm; D, 2 mm. (Figs. 6G and 6I ), the levels being higher in teratomas Morphologically, at the light microscopical level, the from Rcad resc ES cells (Fig. 6I) . In epithelia, R-cadherin organization and the degree of differentiation of the epiwas distributed both intracellularly and on the lateral side thelia formed from Rcad resc ES cells appeared similar of cells (Fig. 6I) , thus exhibiting a partly overlapping subcelto the E-cadherin-expressing epithelia from wild-type ES lular localization with E-cadherin in wild-type epithelia. In cells (Figs. 4, 6 , and data not shown). Epithelia formed muscle, M-cadherin, but not N-cadherin and R-cadherin, from Rcad resc ES cells were simple cuboidal, simple cowas expressed in cell contacts of most myotubes, which lumnar, pseudostratified columnar ciliated goblet cell-encorrelate with their expression patterns in vivo (data not riched, and stratified squamous keratinizing epithelium.
FIG. 3. R-cadherin rescues E-cadherin-dependent ES cell aggregation. Phenotypes of the genetically altered ES cells are presented in A-C. Ecad-/-ES cells (B) show deficient cell adhesion compared with wild-type ES cells (A). Expression of R-cadherin restored cell aggregation (C). Note that wild-type ES cells (A) were grown on an inactivated feeder cell layer and that Ecad-/-ES cells and
To characterize the degree of polarity of the epithelial shown). ) were injected subcutaneously into syngeneic mice, and teratomas were histologically examined after 3-7 weeks. Wild-type ES cells (A) differentiate into a variety of normal-looking structures. Except for very rarely seen epithelia, no structures were found in teratomas from Ecad-/-ES cells (B). Teratomas from Rcad resc ES cells contained only striated muscle and epithelia (C). Arrowheads in insets in A and C indicate ciliated epithelia. Bars: A-C, 50 mm; insets in A, C, 20 mm.
cells formed from Rcad resc ES cells, we examined the
To examine the integrity of cell-cell contacts in the epithelium, we analyzed the subcellular distribution of a tight subcellular localization of an apical (actin) and a basolateral (Na / /K / ATPase) marker that are often used for histojunction component, ZO-1, by immunohistochemical methods. ZO-1 was expressed apically on the lateral side of logical determination of the degree of polarity of epithelial cells. In epithelial cells from both wild-type and Rcad the epithelial cells derived from both wild-type (Fig. 7C) and Rcad resc ES cells (Fig. 7D) . resc ES cells, actin (Figs. 7A and 7B) and Na / /K / ATPase (Figs. 7E and 7F) were distributed apically and basolaterWe have shown that both wild-type and Rcad resc ES cells induce epithelium. However, the possibility exists that they ally, respectively, indicating that the epithelium from both ES cell types is polarized.
are of different origin. To examine whether endoderm con- ) were injected subcutaneously into 129/Sv mice, and teratomas were examined after 3-7 weeks. For each of the genetically altered ES cells, independently established cell lines gave comparable results.
tributed differently to the epithelia from the two cell lines, of certain types of epithelia. These results correlate with the expression pattern of R-cadherin in vivo. we used antibodies against HNF3b. HNF3b is a member of the winged helix family of transcription factors that is expressed in both embryonic and adult endoderm (Ang et al., 1993; Monaghan et al., 1993) . The fraction of the epithe-
The Role of R-cadherin during Muscle
lial cells derived from endoderm was similar from both cell
Development lines (data not shown). We have not yet determined in any
Expression of R-cadherin in the somitic myotome and of the cell lines the origin of the other epithelial cells.
developing skeletal muscle has previously been demonstrated in chicken (Inuzuka et al., 1991b) . However, this study shows in greater detail the expression of R-cadherin
R-cadherin Rescues Formation of Cystic Embryoid
during skeletal myogenesis. While ubiquitously expressed
Bodies in Vitro
in myoblasts during primary myogenesis, R-cadherin was absent from primary myotubes. At later stages, R-cadherin When wild-type ES cells are cultured in suspension, they was selectively expressed at the interface of primary myoform cystic EBs whose outer surface is covered by an epithetube/secondary myoblasts, indicating a possible role during lium. Recently, it was demonstrated that E-cadherin, but secondary myogenesis. Furthermore, we could show for the not N-cadherin, can rescue formation of cystic EBs in vitro first time that R-cadherin is expressed in smooth muscle (Larue et al., 1996) . The fact that we could demonstrate cells. At least five other members of the cadherin family that R-cadherin rescued formation of cystic EBs in vitro apart from R-cadherin have been detected in developing substantiated our finding that R-cadherin rescued formation muscle: chicken N-cadherin (Hatta et al., 1987; Walsh et al., of epithelium in vivo (Fig. 8) . However, cystic EB formation 1990), T-cadherin (Ranscht and Dours-Zimmerman, 1991) , from Rcad resc ES cells was less efficient than that from and B-cadherin (Napolitano et al., 1991) , Xenopus EP-cadhwild-type ES cells.
erin (Ginsberg et al., 1991) , and mouse M-cadherin (Donalies et al., 1991) . N-cadherin has been shown to participate in myoblast adhesion (Knudsen et al., 1990; Mege et al., DISCUSSION 1992) , which is a prerequisite for myoblast fusion. M-cadherin has also been implicated in terminal differentiation of skeletal muscle (fusion of myoblasts into myotubes) (ZeschIn this study, we have characterized the developmental expression pattern of R-cadherin in muscle and three organs nigk et al., 1995) . In addition, M-cadherin's restricted expression during secondary myogenesis (when secondary for which epithelial-mesenchymal interactions are of great importance; kidney, thymus, and lung. Furthermore, we myoblasts fuse next to primary myotubes) suggests a specific role of M-cadherin in primary myotube/secondary myhave demonstrated that constitutive expression of R-cadherin in Ecad-/-ES cells resulted in the formation of striated otube interactions (Rose et al., 1994; Cifuentes-Diaz et al., 1995) . Except for N-cadherin and M-cadherin, which were muscle and epithelium in teratomas. Previously, we showed that constitutive expression of neither E-cadherin expressed at similar levels in all of the investigated ES cell lines, we have not examined the expression of any of the or N-cadherin in Ecad-/-ES cells rescued formation of striated muscle. Therefore, we suggest that R-cadherin reguother ''muscle'' cadherins in the ES cell lines used in this study. Despite the fact that R-cadherin might have compenlates cell-cell interactions important for the formation of striated muscle. The fact that R-cadherin, but not N-cadhsated for some cadherins in muscle differentiation, our data are the first genetic evidence for a cadherin being capable erin, rescued epithelium both in vivo and in vitro indicates that R-cadherin could also play a role during the formation of inducing muscle in vivo. From recent studies, we know that myogenin, a myohave been used for an interaction of muscle precursors with other cells, which is required for muscle differentiation. genic bHLH transcription regulator, is present in teratomas derived from Ecad-/-ES cells; i.e., cells, most likely
The expression of exogenous R-cadherin by the latter cell population could have been critical in the observed phecommitted to a myogenic fate, are already present before we induce constitutive expression of R-cadherin (Larue nomena . Surprisingly, despite the fact that wild-type ES cells exet al., 1996) . With the assumption that muscle formation in the teratomas reflects the in vivo situation, R-cadherin press similar levels of endogenous R-cadherin as Ecad-/-ES cells (data not shown), we found that muscle differentiation could mediate either myoblast fusion or essential cellcell signaling and recognition events upstream of fusion.
only takes place in wild-type ES cells and not in Ecad-/-ES cells. It may be that early cell condensation and epithelial Both alternatives can be reconciled to the expression pattern of R-cadherin in vivo.
formation, induced by the expression of endogenous E-cadherin in wild-type ES cells, mediate juxtracrine and paraAlternatively, muscle formation induced by the constitutive expression of R-cadherin could involve other complex crine cell communication required for subsequent muscle differentiation. cell interaction phenomena. For example, R-cadherin might The role of R-cadherin during smooth muscle differentialoepithelial differentiation revealed that E-cadherin was distal to R-cadherin. Interestingly, during the conversion of the tion was difficult to assess, since smooth muscle formed in teratomas from all ES cell lines. Furthermore, using immupretubular aggregates, R-cadherin was localized in apical zonulae adherens-type junctions. Thus, R-cadherin's exnohistochemical methods, we were unable to detect any quantitative differences in the amounts of smooth muscle pression pattern during kidney tubulogenesis correlates with the aggregation of mesenchymal cells and their converbetween the different ES cell lines.
sion into epithelial cells. Possible gene regulatory and cell signaling proteins whose
Possible Regulators of R-cadherin in Muscle
expression pattern overlaps with R-cadherin during kidney development are Lim 1, Pax-2, Pax-8, and Wnt-4. Lim 1 is Regarding the question of which molecules could regulate a homeodomain protein, which is expressed in the mesothe induction and maintenance of R-cadherin expression in nephric tubules and pretubular aggregates (Fujii et al., 1994) . the myotomes, it is interesting to note that Wg/Wnt proPax-2, a pair-box transcription factor, appears to regulate teins regulate expression of cadherins and formation of musthe differentiation of renal epithelial cells and is expressed cle. However, the data concerning the regulation of cadherin the pretubular aggregates, comma-and S-shaped bodies, ins by members of the Wnt family are conflicting. Wnt-1 distal parts of the developing tubule system, and collecting increases the levels of plakoglobin and E-cadherin in PC12 ducts (Dressler et al., 1993) . Pax-8 and Wnt-4 are both excells (Bradley et al., 1993) , which is in contrast to the in pressed in the pretubular aggregates, as well as in commavivo situation where Wnt-1 appears to suppress E-cadherin and S-shaped bodies (Plachov et al., 1990; Stark et al., 1994) . expression (Shimamura et al., 1994) . Nevertheless, as disGene targeting experiments have demonstrated that Wnt-4 cussed by Parr and McMahon (1994) , it is most likely the and Pax-2 regulate the mesenchyme to epithelial transition cellular context that determines how cadherin expression that underlies nephron development (Stark et al., 1994 ; Toris affected by Wnt proteins. In Drosophila it was recently res et al., 1995) . Analysis of R-cadherin expression in shown that the expression of nautilus, a basic helix-looptransgenic animals in which any of these genes/gene prodhelix (bHLH) factor that is required for muscle formation ucts have been inactivated, or ectopically expressed in the is induced by Wingless (Ranganayakulu et al., 1996) . Morekidney, should clarify whether they could be involved in over, Wnt family members induce the expression of myothe regulation of R-cadherin during kidney development. genic determinants in the somites of vertebrates (Munsterberg et al., 1995; Stern et al., 1995) . Whether Wg/Wnt proteins directly or indirectly regulate ''muscle'' cadherins,
R-cadherin Rescued Polarized Epithelium
for example, through bHLH factors, remains to be shown.
The fact that polarized epithelial cells formed from Rcad resc ES cells is somewhat surprising, in light of the absolute R-cadherin Expression Is Associated with the requirement for E-cadherin during formation of the first
Mesenchymal-Epithelial Transition during Kidney
epithelium formed during embryogenesis, the trophectoDevelopment derm epithelium , and the vast literature on the regulation of epithelial polarity by E-cadherin In the kidney, R-cadherin was specifically expressed in the pretubular aggregates, comma-and S-shaped bodies, (Nä thke et al., 1993; Mays et al., 1994) . The simplest interpretation is that R-cadherin (49% overall amino acid seproximal tubules, and collecting ducts. Comparing the expression of R-cadherin with E-cadherin during kidney tubuquence identity to E-cadherin) compensates for the lack of
